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ABSTRACT

Noise pollution is an identified issue in manufacturing environments. While machines,
motion, production, etc. are a large factor in this noise pollution, other sources exist. Often
copper tubing is connected to pressurized containers as a make-shift jet stream for
reorienting elements on the assembly line. These makeshift jets when working in
conjunction create noise pollution. By manipulating the exit of these small jets, it is
hypothesized that the noise level can be decreased. Using the National Center for Physical
Acoustics (NCPA) at the University of Mississippi, three geometry alterations—deburring
the end, creating a converging-diverging nozzle, and flattening the end—were tested on
these small jets against a control (that still had the burrs and smaller diameter from the pipe
cut) to determine the validity of the hypothesis. The results indicated minimal sound
pressure level (SPL) changes for each of the alterations compared against the control.
Furthermore, the control appeared to be quieter than all the variables. However, by
performing an uncertainty analysis and investigating the volumetric flow rate of the
control, two discrepancies were uncovered: the flow rate for the control was less than the
variables and the volumetric flow readout had its own amount of uncertainty. It was found
that both the deburred and converging-diverging jets eliminated a tonal frequency that
occurred with the control jet. However, this difference is negligible; geometric alterations
did not vastly change the SPL of the jets. More analysis should be conducted; specifically,
a sound level weighting analysis and ideal thrust for part reorientation.
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INTRODUCTION
Widespread manufacturing has developed a serious need for ensuring the safety of team
members operating on the factory floor. A prevalent cause of factory related health
problems stems from noise pollution. This noise pollution is a direct result of the myriad
machines performing processes and pieces being transported throughout the plant, among
other factors.
This thesis works towards providing a solution to one of the transportation factors
within modern manufacturing plants: the reorientation of parts using crude copper jets.
These copper tubes are abundant in manufacturing environments and are often cheaply cut
and connected to a pressurized air container. Air is then blasted continuously through these
tubes as a turbulent jet, which produces a noise. Furthermore, oftentimes these reorientation
pipes are set up in series for mass reorientation or throughout the plant. Thus the coupling
of many noisy jets is further magnified.
The air’s momentum through the tubes causes the noise. This complex noise results in
hearing problems after long exposure due to the high frequency sounds. Coupled with the
number of jets being used, the high frequency sounds also result in a high amplitude, which
results in hearing damage. To maintain the safety of team members in the factory, it is
important to analyze the fiscal effects of continuous noise pollution. Employees
experiencing hearing loss could suffer from more fatigue, could be more likely to succumb
to workplace accidents, and could even file suit against the employer. It is in all parties’
best interest to pursue methods of limiting noise pollution.
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The experimenter hypothesizes that by maintaining a constant inlet pressure and copper
tube diameters, geometric manipulation of the exit stream will result in noise reduction
without drastically reducing the output force required for reorientation operations. Since
the copper jets themselves are already cost-conscious designs, it is important that the noise
reduction solution also be inexpensive—ideally so that the process could be performed in
house with common equipment. Therefore, three changes were selected to be tested:
1. Deburring the edges thus maintaining the same shape as the control with no extra
ridges that might cause excess noise
2. Flattening the nozzle in order to change the exit shape to see whether the nozzle
shape is the problem
3. Adding a nozzle crimp to the end to ensure that the supersonic flow moves through
the correct exit nozzle area
The tests will measure the noise level of the different nozzle alterations and compare
the results to an unaltered control. Using this data, measurable differences between the
different variables can be determined in both the amplitude and frequency spectrum. The
data recording process will also be explored as a means of familiarizing the experimenter
with data collection processes. Most notably, a MATLAB program (as seen in Appendix
1) will convert the binary output into meaningful data. A Fast Fourier Transform (FFT)
LabVIEW program will be employed to convert .bin files into a power density spectrum
(as seen in in Appendix 2). This graph will then be used as the comparative analysis tool
featured in the analysis and results section.
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BACKGROUND RESEARCH
First the standards appropriated to acceptable noise levels in factory environments must
be considered. The United States Environmental Protection Agency (EPA) states that the
human ear is most affected at and above the 4000 Hz frequency. [1] Furthermore, harm is
considered to be anything that causes a person’s hearing capacity to change by 5 dB or
more. [1] This means that the experiment will need to pay special attention to the limiting
of these higher frequencies, especially since sound is often measured as an average of the
audible frequencies from 500 Hz to 2000 Hz. [1]
Knowing the EPA target frequency range, the amplitude of the waves needs to be
considered. The EPA goes on to classify the intensity of the sound to be below 80 dB for
an eight-hour workday. [2] Based on reference [2], it was found that manufacturing plants
in various industries exceed the regulation values. Oftentimes sound mitigation is neglected
being an unseen threat and one that takes time to develop. As a result, actions should be
taken to mitigate sound pollution in these environments. This study will investigate copper
jets that constitute a portion of high frequency noises that could damage employees.
Since the author’s understanding of acoustics and noise reduction was limited going
into the experiment, it was important to accent his knowledge with two noise reduction
journal articles. Namely, two Georgia Institute of Technology papers presented at
American Institute of Aeronautics and Astronautics (AIAA) expositions were used in
developing proper experimental procedure and learning about noise reduction. [3] [4]
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Reference [3] dealt primarily with discrepancies found between different anechoic
chambers and why the datasets were suspect. This paper detailed proper testing procedures
for ensuring correct sound levels; however, the level of detail was deemed unnecessary for
this thesis. This is due to Reference [3] comparing different noise levels across multiple
nozzle structures with different anechoic chambers. The thesis will only deal with a
comparative analysis of the same nozzle with different end geometry alterations. Therefore,
the end results deal with the difference between the separate variables as opposed to the
true—i.e. the exact, actual—values of the experiment in Reference [3].
Next, Reference [4] performed an acoustic study on noise reduction of airplane wings,
specifically those with circulation control technology. While this experiment again
showcased proper experimental methods, it focused more on the technology of the
circulation control technology followed by an analysis of the acoustics of the technology.
Coupled with the knowledge of noise pollution in manufacturing environments from
Reference [2], it became clear that research had been conducted on manufacturing
environments, yet none specifically on copper nozzles used for the reorientation of parts
on a manufacturing line. Granted, the scope of this thesis is quite specific; it is exciting to
broach a new topic as an experimental first.
Next, experimental methods were investigated and developed. Through guidance from
Dr. Murray and Mr. Bernie of the NCPA, coupled with Dr. Chambers’s labs and lectures
on data acquisition [5] and acoustics [6], a better understanding of both data acquisition
and research methods was developed. Since the development of these skills constituted a
significant amount of the time spent on the thesis, an account of this development is
provided.
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The thesis first required a better understanding of data acquisition in order to ensure
quality data was used in order to make experimentally valid conclusions. Starting at the
level of the microphone, the correct type of microphone needs to be selected. A microphone
is essentially a specialized pressure sensor that measures the minute pressure differences
caused by sound propagation. This physically is measured by a diaphragm within the
microphone acting as part of a capacitor that generates a voltage every time the diaphragm
is expanded and contracted. This is then sent to the computer as binary code. The
diaphragm is fragile; therefore, a protection grid is used to cover it along with a housing
system to hold it. These elements are detailed in Figure 1.

Figure 1: Microphone Structure [7]

The sound pressure level (SPL) is measured based on the following formula:
𝑆𝑃𝐿 = 20 log (𝑃

𝑃
𝑟𝑒𝑓

)

(1)

The decibel used in traditional measurement stems from a Pref = 20 μPa. Two types of
microphones exist: pressurized field microphones and free field microphones. Pressurized
microphones measure “the actual sound pressure as it exists on the surface of the
microphone’s diaphragm.” [7] Free-field microphones “measure the sound pressure as it
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existed before the microphone was introduced into the sound field.” [7] Frequency
characteristics are provided with free-field microphones in order to provide adjustments at
higher frequencies since the microphone itself could alter the local SPL. Figure 2 provides
a visual differentiation between the two microphone types.

Pressure Microphone

Free-Field Microphone

Figure 2: Pressure Microphone versus Free-Field Microphone [7]

For the thesis, a free-field microphone was chosen, since the desired SPL is that of the
environment rather than at a specific point on a plate. However, the free-stream microphone
needs to always be pointed directly at the source of the sound and should have the upper
frequencies corrected by the microphone frequency characteristics given by the
manufacturer of the microphone. Fortunately, the experiment can be structured so that the
same microphone is used for all data measurement; therefore, whenever comparative
analysis is performed, the data will not need to be altered by the microphone frequency
characteristics.
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ANALYSIS
Next, precautions were undertaken in order to ensure proper data acquisition. Sound
waves (when in the time domain) are a continuous fluctuation of amplitudes with no
apparent pattern to the human eye. However, using Fourier Transformation techniques,
these values can be converted into the frequency domain to be more properly analyzed.
Unfortunately, by the nature of testing equipment, the continuous data can never truly be
replicated. Instead, only snippets are gathered, since the diaphragm of the microphone can
only vibrate so quickly, and the amplifier can only output so much data. The computer
system is then tasked with making sense of the data entries gathered. The data acquires
information from the measuring equipment using a sampling frequency defined by the
experimenter. This then creates sample points, which are the data registered by the
computer. Problems occur whenever the sampling rate is less than the signal frequency
(where signal frequency is the actual value coming from the microphone). This results in
aliasing, which leads to an incorrect interpretation of the actual signal. [5] The Nyquist
frequency is thus defined as the frequency that is at least twice the value of the frequency
of the signal. This ensures that aliasing does not occur; however, a sampling frequency
greater than twice the desired frequency is desired for more precise measurements.
Next, data acquisition should be further defined. As stated above, once the correct
sample frequency is chosen, the data is then sent to the computer in the form of binary code
(.bin file). The binary code has a header detailing the sampling rate of the data and the
number of bins of data, among other values. The important elements come from the number
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of bins and sampling rate. With the sampling rate, the change in time (Δt) can be calculated.
Therefore, each number in each bin is related to a voltage magnitude one unit of Δt away
from the previous data set. This voltage magnitude is directly related to the SPL of the
measurement. Once all of the binary data is translated to magnitudes against time, a time
domain graph of the sound spectra is realized. The process by which the binary translation
was developed can be seen in Appendix 1: MATLAB Code. (Note: while in theory, reading
the heading for the sampling frequency is possible, it was more convenient for the
experiment to know the sampling frequency beforehand—since that was how the data
acquisition software was set—and then use that value for determining the Δt when
accompanying the important magnitude values.) After the code was used for basic binary
analysis, a more developed program developed for the NCPA was utilized for the final
measurements of the different nozzles. [8]
Unfortunately, analyzing the sound requires something other than the time domain of
the pressure field. A Fourier transform is an intelligent method of converting the time
domain data into easily presentable and readable frequency domain data. The best
description for the Fourier transform’s application stemmed from an interactive internet
website detailing “given a smoothie, [the Fourier transform] finds the recipe.” [9] This
simple explanation highlights the importance of the Fourier transform in data analysis.
Specifically, with sound, using the time domain function of the sound (“the smoothie”), a
Fourier transform reveals the amount of each frequency represented within that time
domain function (“recipe”). Further applications of the Fourier transform are vast as
detailed in Reference [10].
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Furthermore, FFT algorithms allow for performing large, computer-taxing Fourier
transforms rather quickly by taking advantage of the binary nature of computers. FFT
methods are detailed in Reference [10] and the computational derivation is developed in
Reference [11]. LabVIEW provides many tools for using the Fourier transform in
analyzing data. For the analysis of the data in this thesis, the aforementioned LabVIEW
program detailed in Appendix 2 was used.
Finally, it should be understood that the sound of the nozzle is directly related to the
mass flow rate of the air through the nozzle. This stems from the V8 Law, which states that
noise level changes correlate with the velocity of the air flow to the eighth power.
Furthermore, the frequency of the sound is inversely proportional to the diameter of the
copper tube nozzle. While one solution would involve using larger copper nozzles, the
thesis will focus on changing the geometry of common 1/4” copper piping found in
manufacturing environments.
In order to ensure the air flows through the pipe at the optimal rate in order to ensure
constant sound across the different variables, an analysis on the Area-Mach number
relation must be completed in order to create an ideal nozzle for the isentropic flow. Using
analysis techniques described in Reference [12], the ideal area for shock free flow in the
nozzle can be calculated.
First, the experiment will use a pressurized air regulator set to 50 psi. However, this is
the gauge pressure, which makes the pressure of the air regulator 64 psia. Using the
pressure ratios, a Mach number can be calculated.
𝑃0
𝑃𝑎𝑚𝑏

64 𝑝𝑠𝑖𝑎

= 14.7 𝑝𝑠𝑖𝑎 = 4.35
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(2)

Using an isentropic flow properties table, the Mach number is found to be
approximately 1.62. [12] This section is replicated below in Table 1.
Table 1: Isentropic Flow Properties [12]
M

P0 / P

ρ0 / ρ

T0 / T

A / A*

1.62

4.378

2.871

1.525

1.267

Looking at the A/A*, a calculation can be developed to solve for the d* that will ensure
the minimum noise under the experimental conditions.
𝐴∗
𝐴

=

2𝜋𝑑∗

2

𝑑∗

= ( 𝑑 )2

2𝜋𝑑2

(3)

This relation leads to the following equation and calculation:
𝑑∗
𝑑

𝐴∗

1

= √ 𝐴 = √1.267 = 0.8884

(4)

Therefore, the nozzle needs to be reduced down to 88.84% of its original diameter. An
original size of 0.152” will have an inner nozzle diameter of 0.134”. Therefore, in order to
ensure minimum noise, the tube will need to be converged down to a diameter of 0.134”
before exiting out its normal diameter of 0.152”.
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TESTING EQUIPMENT AND METHODS
The experiment was conducted at a testing workbench in the NCPA. Figure 3 provides
a detailed depiction of the testing equipment and conditions. First, the microphone and data
acquisition equipment will be identified and discussed. This will be followed by a
discussion of the experimental set up and procedure.

3

1

2

Figure 3: Testing Workbench
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In detail 1 of Figure 3, the microphone and pre-amp are set up. The microphone is a
Bruel & Kjær (B&K) Free-field ¼” type 4939 microphone (serial number 2445900). This
was hooked up to an appropriate ¼” preamplifier (serial number 2483808). In order to
ensure the microphone was operating properly, a B&K piston phone calibrator was used.
The microphone is positioned so that it is projected out into the field away from any
interference. This is appropriate for free-field microphones. Furthermore, it is at the same
height as the jet and pointed directly at the exit of the copper tube.
The preamplifier was then connected to the B&K Nexus Box (as seen in detail 2 of
Figure 3). The Nexus Type 2690 Conditioning Amplifier hosts an amplifier circuit that
increases the signal strength from the preamplifier. The other functions of the Nexus Box
were not used, and instead the Nexus Box was next connected to a National Instruments
(NI) PXIe – 1062Q Measuring and Testing Equipment Computer. This computer has built
in operations that prevent aliasing and other signal errors. The NI computer was then
connected to a Dell Latitude E6500 operating on Vista to run LabVIEW programs. Detail
2 of Figure 3 is shown in further detail in Figure 4.

Figure 4: DAQ Equipment Detail
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Detail 3 from Figure 3 is expanded in Figure 5 below:

Figure 5: Experimental Setup
The copper tubes were tested by being connected to a pressurized container via a series
of valves, flow meter, and tubes. A second control valve was added before the inlet to the
block regulator and the flow meter, which then connected to the copper tubes being tested.
This control valve is pictured in Figure 6. The first control valve and pressure gauge are
shown in Figure 7.

Figure 6: Second Control Valve
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Figure 7: First Control Valve and Pressure Gauge
The pressure tank was maintained at 120 psig. This was then transferred through the
first control valve (green) to the bottom regulator (black) that would operate at 50 psig.
This then moved through the red hose to the second control valve (yellow), which when
switched on allowed for air flow through the mass flow meter and out of the copper jet.
The table is covered in a noise reducing foam so as to ensure the noise originates from
the jets being tested. Furthermore, triangular blocks similar to those in the NCPA anechoic
chamber were placed behind the nozzle to limit the amount of noise pollution from the rest
of the NCPA entering the testing area. As seen in Figure 5, a protective foam insert was
placed in front of the microphone stand to prevent strange sound phenomena occurring
around the corners of the stand.
The experiment consisted of testing three variables against a control, freshly cut copper
tube. As developed in Formula 4 in the Analysis section, in order to ensure ideal flow
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conditions with the least amount of shocks, a nozzle was outfitted to the different tubes.
The conical points towards the ends was where the tubes were compressed into nozzles of
approximate inner diameters of 0.111”. This conical brass piece also allowed for better
fitting with the exit tube from the mass flow gauge. An example of one of these fittings is
seen in Figure 8.

Conv/Div

Flat

Control/Deburred

Figure 8: Copper Tubes

Each copper tube had the converging nozzle at the inlet to the pipe. The control
consisted of a pipe with an end cut using pipe cutting tools. This resulted in a burred end
that also had a significantly smaller exit diameter than the other pipes. The deburred tube
was the same as the burred control with the diameter of the pipe returned to its original
state and cleaned of any sharp edges. The converging-diverging tube incorporated an entire
nozzle by also having a diverging nozzle element at the end of the nozzle near the exit.
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Finally, the flat tube had a flattened surface at the end to limit air flow. This flat tube
resulted in different sound patterns based off of whether it was vertically oriented or
horizontally oriented. Measurements were taken for both cases.
The measurement properties of each copper tube are presented below in Table 2. L is
the length from the converging inlet to the exit. The inner diameter is expressed with a d i.
The outer diameter is given by a do. The converging entrance diameter is shown by dc. The
diverging diameter of the converging-diverging nozzle is given by dd. Measurements were
taken from a mhc® steel plug gage set for inner diameters and calipers for outer diameters
and lengths.

Tube
Control
Deburred
Conv/Div
Flat

L
5.3870”
5.4025”
5.7390”
5.6900”

Table 2: Copper Tube Dimensions
dc
do
di
0.142”
0.249”
0.139”
0.142”
0.249”
0.152”
0.140”
0.249”
0.152”
0.457”
N/A
N/A

dd
N/A
N/A
0.135”
N/A

Finally, the geometries of the flat copper tube are given special dimensions. The inner
width is expressed as wi, while the outer width is expressed as wo. The inner and outer
heights are expressed as hi and ho respectively. Finally, the depth, Ld, is given to show the
length from the exit of the flat portion to where the tube resumes its previous cylindrical
shape.

Tube
Flat

Table 3: Copper Tube Flat Dimensions Continued
L
Ld
wo
wi
ho
5.6900”
0.457”
0.322”
0.266”
0.147”

hi
0.049”

Since L >> d, the difference between the lengths of the different variables should not
affect the final noise levels. The varying exit dimensions along with the differences within
the variable will be the largest factor in affecting noise levels and mass flow.
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The experimental procedure consisted of setting a copper tube into place and then
running the pressurized air through it and recording the noise of the jet. First, both the
yellow valve and green valve would be checked to ensure they were closed. Then, the
experimenter would don over-ear hearing protection. The green valve would then be
opened allowing the pressure control to be used. Once the pressure was set to 50 psig, the
yellow valve would be lifted allowing for the jet to form and begin creating noise. After a
minute of reaching equilibrium, a photograph of the mass flow rate would be taken and
recorded. The LabVIEW system would then take binary measurements for raw data at a
sampling rate of 200 kHz with 524,288 samples. After the binary measurements were
recorded, the LabVIEW FFT program would run. Using a block size of 1024, 512 averages
would be completed for each data set. With the three data sets, 1.57 x 106 averages would
be completed. Next, the yellow valve would be closed again, the pressure gauge would be
checked to ensure it remained at 50 psig, and the next tube would be placed into its position.
Final values were calculated by converting square voltage readings to the SPL
referencing pressure. This was done using the following two formulas.
𝑉𝑜𝑙𝑡𝑠 = √𝐴𝑉𝐺(𝑉 2 )
𝑉𝑜𝑙𝑡𝑠

𝑆𝑃𝐿 = 20 log10 ( 10 𝑚𝑉∗20 𝜇𝑃𝑎 )

(5)
(6)

The SPL value is the one discussed earlier referencing 20 μPa. Voltage is converted to
pressure based on the Nexus Box’s sensitivity, which is set to 1 Pa per 10 mV. Note that
all of the values are based on RMS values.

17

RESULTS AND DISCUSSION
As discussed in analysis, all results were recorded on the same work station in the
NCPA. All systems had the same inlet pressure, ambient temperature, air mixture, and
ambient noise level. All variables were tested within a one-hour period of one another to
prevent other variables from taking effect.
It is interesting to note the differences between the two separate orientations of the
flattened copper pipe. These two values are compared in Figure 9 below. Note the key
differences between the horizontal and vertical orientations, namely the vertical orientation
having higher SPL readings at lower frequencies and frequencies above 20 kHz, while
having lower SPL readings between 8 kHz and 10 kHz. The average of these two values
was determined and used for comparison with the other variables and control.

Figure 9: Difference Between Horizontal and Vertical Orientations
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In order to check the validity of the microphones, a frequency analysis can be
conducted. Based on experimental data, the Strouhal number (St) is known to be between
0.2 and 0.3. This non-dimensional variable is defined as the following:
𝑑

𝑆𝑡 = 𝑓 ∗ 𝑢

(7)

Using the pressure ratio developed earlier in equation 2, isentropic relations can be used
to determine the temperature of the exit flow.
𝑃0
𝑃𝑎𝑡𝑚

= 4.4 = (𝑇

𝛾

𝑇0
𝑒𝑥𝑖𝑡

)𝛾−1

(8)

Assuming the temperature in the tank is at standard conditions (298 K), the Texit is
calculated to equal 193 K. With this temperature, the speed of sound can be determined at
that point. Speed of sound is given by the following equation:
𝑎 = √𝛾 ∗ 𝑅 ∗ 𝑇

(9)

This leads to a speed of sound of 278.3 m/s. The velocity of the exit jet will be
equivalent to the speed of sound multiplied the Mach number. This Mach number is related
to the temperature ratio in Equation 8, as seen below:
𝑇0
𝑇𝑒𝑥𝑖𝑡

= 1+

𝛾−1
2

𝑀2

(10)

With a Mach number of approximately 1.63, the exit velocity can be calculated to equal
453 m/s. Knowing that the expected peak frequency to be between St = 0.2 and 0.3, the
peak frequency can be calculated. By converting the 0.152” diameter of the nozzles to
meters, a value of d = 0.0038 is obtained. Rearranging Equation 7 and plugging in values
leads to a peak frequency range of 24 to 36 kHz. This agrees with Figures 10 – 12.
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Figure 10: Control vs Deburred Comparison

Figure 11: Control vs Converging-Diverging Comparison

Figure 12: Control vs Flat Average Comparison
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Figure 13: All Variables Spectrum

The peak frequencies are shown to behave with broadband characteristics between 20
and 40 kHz. However, it is rather convoluted and difficult to follow the spectra due to
showing all the less desirable noises (electrical noise, low frequency noises, etc.) Based on
previous analysis from experts in the NCPA, the proper frequency analysis for these jet
streams comes from a range from 1 to 100 kHz. This is further proven by the fact that
values less than 1 kHz are less than those above. Since the scale is logarithmic, this means
the 20 dB drop over that range is a magnitude difference of four times. Figures 14 to 17
highlight the control compared to the different variables in this range.

Figure 14: Control vs Deburred from 1 to 100 kHz
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Figure 15: Control vs Converging-Diverging from 1 to 100 kHz

Figure 16: Control vs Flat Average from 1 to 100 kHz

Figure 17: All Variables from 1 to 100 kHz

As shown, the control’s overall SPL is slightly lower than the other variables. The
converging-diverging nozzle had the loudest sound pattern, while the flat jet had the sound
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spectrum closest to the control’s pattern. It is interesting to note that the peak frequency is
relatively constant for all variables. This is consistent with the equations developed earlier.
It is also interesting that the higher frequencies are approximately equal to the control for
the deburred and converging-diverging jets. At some higher frequencies, these jets are even
quieter than the control.
From a frequency pattern perspective, all of the variables exhibit broadband
characteristics. Broadband characteristics are those that cover a wide range, while tonal
characteristics are those occurring at a single frequency peak. The flat tube and control
both had tones appear towards the higher frequency marks. The control has a 90 dB tone
at around 73 kHz. The flat tube has a minimal 80 dB tone at around 85 kHz. This is nearly
half the intensity of the control’s tone. However, the converging-diverging and deburred
variables eliminated this tone.
The wiggles in the graphs are due to reflections and phase shifts of the sound due to
the lack of a completely anechoic chamber. These oscillations could be eliminated via
complex MATLAB coding or performing the experiment in an anechoic chamber. While
this does affect the shape of the data, the overall comparison is minimally affected.
However, it was still strange that the noise level of the control was lower than the
variables for the lower frequencies and for some of the higher frequencies—excluding the
peak frequency of the control. This led to an investigation of where discrepancies could
have originated in the experiment.
The first element checked came from the DAQ with ensuring that aliasing was not
occurring and propagating into the FFT power density spectrum. However, every element
had the same sample rate and sample size. Mass flow rates were then investigated. Note
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that the meter measures volumetric flow rate. Mass flow rate can be calculated from
volumetric flow rate. This relationship is shown in the following equation.
𝑉̇ = 𝑚̇ ∗ 𝜌

(11)

Since the density of the air depends on the pressure and temperatures of the system
(both of which are constants), the density is also a constant. This means when comparing
the mass flow rates against one another, the differences of the volumetric flow rate is the
same as the differences of the mass flow rate.
As seen in Figure 18, at rest the indicator can be measured at the bottom of the red tally.
(However, the validity of the zero position could be put into question. This is further
analyzed on page 25.) Next, the experimental flow rates were examined.

Figure 18: Flow Meter at Rest
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(a)

(b)

(c)

(d)

Figure 19: Volumetric Flow Rate Comparison
[Control – (a); Deburred – (b); Converging-Diverging – (c); Flat – (d)]
As seen in Figure 19, a discrepancy was discovered. This is further highlighted in Table
4. The control operated at a significantly lower flow rate when compared to the other
variables. The second quietest jet came from the flattened end copper tube, which also
happened to have the second least mass flow rate.
Table 4: Discrepancy Reconfiguration Table
Control
Deburred
Conv-Div
Sampling
Frequency
(kHz)
Number of
Samples
Volumetric
Flow Rate
(ft3/min)

Flat

200

200

200

200

524288

524288

524288

524288

7

12

12

10

25

Unfortunately, in order to alleviate this discrepancy, a similar mass flow rate would
need to be obtained. However, a change in the inlet pressure would be required, which
would then result in an increase in a non-ideal solution. This would cause shocks to occur
since the ratio between the inner and outer diameters would not be correct for the specific
pressure ratio. This would further alter the properties of the air flow and lead to further
discrepancies within the noise analysis.
Due to the differences in flow rates, it becomes imperative to investigate the statistical
integrity of the experiment. This requires an uncertainty analysis. The prime candidate for
uncertainties within the experiment stemmed from the volumetric flow meter. Recall, the
flow meter was measured at the leftmost portion of the red marker. While this was decided
based on the resting position in Figure 18, it is possible that the mechanisms within the
meter might have caused the meter to rest at a position above zero. Therefore, since the
meter’s red band covered a large portion of the meter, it is necessary to measure the sound
level at both the leftmost and rightmost edges.
In order to get these two measurements, a standard method of reading the meter was
required. Since the rest of the experiment measured from the leftmost side, the practice was
continued. Therefore, the meter’s red bar needed to be increased one bar-length by
increasing the inlet pressure. It was found that a change of 5 psi was necessary to move the
indicator to the desired position, i.e. the red bar’s width’s distance. These changes are
displayed in Figure 21. Finally, the noise comparison is expressed in Figure 21 and Figure
22.
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Figure 20: Volumetric Flow Initial Position to Final Position

Figure 21: Uncertainty Analysis Change in Noise Full Spectrum

Figure 22: Uncertainty Analysis Key Spectrum

Visually, it is apparent that the range between the two values is significant enough to
affect results. The average difference between the two measurements was 2.79 dB. Since
the change in mass flow rate was approximately 0.5 ft3/min, then there exists an amount of
uncertainty when dealing with slight changes in mass flow rate.
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This amount of uncertainty, unfortunately leads to the need for future analysis on these
particular copper jets. With the potential range of uncertainty, the results gathered become
inconclusive. While comparisons can be made detailing how the variables relate to one
another, in the end it does not even matter. Based on the uncertainty calculation, if each
value could vary up to 2.79 dB, the developed figures would mainly consist of overlap.
When dealing with the world of jet noise, it becomes apparent that there exists very little
variance in noise levels.
However, the differing end geometries do alter the frequency pattern. These pattern
changes, specifically the peak frequencies seen in the control and flat jets, would not be
altered by the uncertainty discovered. While those values do show that the relative
difference between most frequencies is essentially the same, the tonal differences and
broadband patters would still be in existence even with sound level adjustments due to the
uncertainties. This leads to the conclusion that geometry alteration does affect the
frequency shape, and does limit frequency spikes. These changes in patterns should be
further investigated.
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CONCLUSION
The thesis was a humbling introduction to the world of experimentation. Whether
learning the intricacies of DAQ, learning more about fluid mechanics and broaching into
the field of aeroacoustics, or developing graphics for a scientific journal-like thesis, the
process was engaging and successful. While problems and issues within the experiment
continually surfaced, it was exhilarating to be a part of the experimental process.
The results indicate that the jet noise level between 10 kHz and the peak frequency
remained within the boundaries of uncertainty to be deemed constant. Furthermore, at
higher frequencies the sound level also remained the same. However, a screech was not
experienced by both the deburred jet and the converging-diverging jet. The flat jet
experienced a screech at a different higher frequency than that of the control. Since these
values were outside the scope of the uncertainties calculated, the deburred and convergingdiverging jets can be seen as better alternatives to simply cutting the tube into the control
condition jet. Based on manufacturability, the deburred jet would be preferable since it
requires minimal extra work and zero extra tooling development as long as the
manufacturing environment has a deburring tool on hand (which should be the case if the
manufacturer has the capacity to cut copper tubing into jets).
In order to determine the significance of the screech elimination, more analysis should
be conducted. A sound level weighting analysis should also be conducted in order to
determine whether the eliminated loud frequency is one that is damaging to human ears or
if it is a negligible frequency.

29

Furthermore, the uncertainty analysis shows that further analysis can be conducted on
these small jets in order to limit the amount of uncertainty. While the changes in the end
area did affect the spectrum shape, the change in mass flow rate altered the severity of the
noises. Therefore, future experiments should be conducted where the mass flow rate is
maintained at a near-constant value. A more precise gauge could be acquired, or a digital
flow regulator could be used.
Due to the little effect the geometry alterations had on the noise levels of the jets, it is
apparent that the change in mass flow affects the noise level of the jets the most.
Furthermore, the flat configuration had a noise spectrum at around the same SPL of the
control while having a volumetric flow rate of 10 cfm to the control’s 7 cfm. The flat
geometry alteration should be investigated further at different flow rates to see if it’s
geometry did affect the noise level of the jet. As a result of these discoveries, an analysis
on the thrust generated by the jets should be conducted to see whether the output force is
the same across the separate jets. While calculations could be used for ideal situations,
force meters could be implemented into the process to ensure less noisy alternatives do not
require less output force for part reorientation. Even further, experiments should be
conducted to determine the necessary thrusts required to reorient the parts. Since the
general trend showed that the sound level decreased as the volumetric flow rate decreased,
finding the minimum flow rate required could greatly decrease the sound level of the jets.
It would also be beneficial to experience the factory setting where the altered pipes
would be utilized. Measurements could be taken in the factory setting to investigate how
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much the jet noise contributes to the overall noise pollution problem in the environment.
Furthermore, by investigating the sound levels of the jets within the environment, the
validity of the experimental jet noises could be proven or dissuaded.
Finally, combinations of the different alterations could be tested to see whether there
exists an easy, ideal manipulation that would allow for the best possible noise reduction.
This could also be used in the development of another experiment wherein each of the
possible variables affecting the noise are tested in conjunction with one another. It would
be interesting to fully experiment on changing the volumetric flow rate, inlet pressure,
nozzle shapes, etc. in order to determine which element most affects the noise level.
In conclusion, while the experimental data was insignificant to prove noise levels
across the entire spectrum, it is fascinating that an elimination of tonal characteristics at 73
kHz was discovered for the deburred and converging-diverging alterations. Further study
should be conducted on these two elements to determine whether this screech elimination
is worth pursuing. Further analysis should be conducted on the difference in flow rates to
determine the minimal level of jet noise in the factory environment. Once a minimal level
is reached, another experiment should be conducted with constant thrusts to determine
whether the screech elimination has any positive effects on the converging-diverging and
deburred nozzles. Furthermore, the flat jet appears most promising for further
experimentation since it appears to have comparable sound levels to the control, which
operates at flow rate 3 cfm more than the flat jet.
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APPENDICES
Appendix 1: MATLAB Code

Figure A1.1: Decoding Single Column Binary Codes
The above MATLAB program was developed to decode single column binary codes.
It was developed to read how many values existed and then translate the number of values
available. The sampling frequency was not read since the only value that was needed was
the list of values. The values translated were a known set generated via a LabVIEW VI.
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The greatest challenge occurred due to LabVIEW defaulting to writing in Big Endian
format. This means that the Microsoft Windows operating read the value differently than
its default Little Endian. Future tests that were run edited the LabVIEW VI to write the
values so that it matched the host operating system.

Figure A1.2: Decoding Double Column Binary Codes
This code followed the single column binary decoding. However, since the code is a
single array of binary values, while the data is a two column set of data, the .bin file had to
be read completely and then reshaped into the proper values. Once this code proved to
work for the .bin files generated from the LabVIEW VI, the more powerful code from
Reference [8] could be used in order to obtain the complete data.
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Appendix 2: LabVIEW Data Acquisition Package
The following was used for acquiring the data. This package is a common FFT and
sound analysis toolbox used at the NCPA. The following figures detail the LabVIEW code
used and the operation window. The code was what was running in order to acquire the
data, while the operation window was what was seen and edited by the experimenter. The
first captured the binary data and created .bin files. The second both captured the binary
data and simultaneously converted it through a FFT algorithm to usable frequency domain
data. The data was then extracted into an excel file.

Figure A2.1: LabVIEW Binary Code
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Figure A2.2: LabVIEW Binary Operation Window
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Figure A2.3: LabVIEW FFT Code (Part 1 and 2)
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Figure A2.3: LabVIEW Higher Resolution Excel (Part 3)

Figure A2.4: LabVIEW FFT Operation Window
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